Several animal studies have shown an anatomical and functional separation between the ON-and OFF-pathways in the retina and in the lateral geniculate nucleus. Psychophysical studies in humans have also documented separate pathways that process increments and decrements of light. However, at the level of the visual cortex, there is electrophysiological evidence of interactions between the ON-and OFF-pathways. In addition, psychophysical studies have shown that these pathways can exhibit differential sensitivity and be differentially adapted. These findings motivated an electrophysiological study to gather further evidence of processing within the ON-and OFFpathways in the human visual system. Using sawtooth stimulus modulation, we measured the visual evoked potential (VEP) before and after adaptation to both rapid-on and rapid-off sawtooth stimuli. The effect of adaptation was determined by comparing the VEP response in three test conditions: without adaptation, after adaptation to the same sawtooth polarity, and after adaptation to the opposite sawtooth polarity. The results reveal a selective adaptation effect, which provides physiological evidence for separate processing of increments and decrements in the human visual system. We conclude that with appropriate stimulus parameters, the VEP can serve as an objective measure of processing within the ON-and OFF-pathways in humans. 0 1997 Elsevier Science Ltd. All rights reserved.
INTRODUCTION
proposed that the ON-and OFF-pathways are neural channels that signal the sensation of brightness and darkness. respectively. These pathways first segregate in the retina at the synapse between photoreceptors and bipolar CCIIS (Famiglietti et a/., 1977; Famiglictti & Kolb, 1976; Kancko, 1970; Slaughter & Miller, 1981; Werb]in & Dowling, 1969) . Beyond the retina, Zi functional separation between the ON-and OFF-pathways has been demonstrated in the lateral geniculate nucleus of monkey (Schiller, 1984) and cat . At the Ievcl of the visual cortex, electrophysiological studies in monkey (Schiller, 1982) and cat indicate that both the ON-and OFF-pathways contribute to the responses of most cells in area 17, suggesting a de.grce of cortical interaction between the two pathways.
Behavioral studies in humans have also provided evidence for the existence of separate channels for the detection of light increments and decrements (Anstis, 1967; Bowen et al., 1989 Bowen et al., , 1992 Cavanagh & Anstis, 19~(j; DeMarco etal., 1994; Hanly & McKay, 197'9; Krauskopf, 1980; Krauskopf & Zaidi, 1986; Patel & Jones, 1968; Short, 1966) . Furthermore, several psychophysical studies have used sawtooth stimulus modulation as zn adapting stimulus, and these studies have provided psychophysical evidence of selective adaptation of the pathways that process luminance increments and decrements in humans (Hanly & McKay, 1979; Krauskopf, 1980; Kr~uskopf & Zaidi, 1986) . The linking hypothesis between the psychophysics of increment and decrement detection, and the physiology of the ON-and OFFpathways, is that psychophysical processing of increments and decrements is performed by the ON-and OFFpathways, respectively. For instance, the selective adaptation effect first observed by Hanly and McKay (1979) ['orincrements and decrements should be reflected in the physiological response of the ON-and OFFpathways.
In the present study wc develop an electrophysiological technique to measure adaptation within the ON-and OFF-pathways. This technique is based on a selective adaptation paradigm often used to study multiple, independent pathways (e.g. Blakemore & Campbell, 1969) . The visual evoked potential (VEP) is well suited to serve as the electrophysiological metric for selective adaptation (Mecacci & Spinelli, 1976; Nelson etal., 1984) , and has been used previously to study the spatial tuning characteristics (Zemon et al., 1988) , and relative responsivity (Mutlukan et al., 1992) of the ON-and OFFpathways in humans. Here, we use low temporal frequency sawtooth contrast modulation of a checked pattern to measure the VEP before and after adaptation to either rapid-on or rapid-off sawtooth stimuli. We chose low frequency sawtooth modulation because the polarity of the transient in the sawtooth waveform has been shown to preferentially bias stimulation towards ON-center or OFF-center M-pathway retinal ganglion cells in the macaque (Kremers et al., 1993) .
METHODS
Two subjects, 33 and 29 years old, participated in the experiment. Both subjects had normal vision, and their best corrected acuity was at least 20/20. Each subject signed an informed consent document prior to participating in these experiments.
Stimulus generation and data collection were performed with a Neuroscientific VENUS model 1020, coupled to a Data Translation DT2821 data acquisition board. The VEP was obtained from silver chloride cup electrodes placed at Oz (active electrode), Cz (ground electrode) and Fz (reference electrode) according to the 10-20 system (Jasper, 1958) . Electrode impedance was maintained below 5 kQ. Signals were amplified by a Grass P-5 pre-amplifier with a gain of 50,000 and a bandpass of 1-100 Hz. The VEP was sampled at 240 Hz and averaged in 500 msec epochs.
Visual stimuli were presented on a calibrated Mitsubishi Diamond Scan 16 monitor, and were viewed binocularly with natural pupils. The stimuli consisted of square checks, each subtending 30 mi~of arc. The checks were presented on a gray background that subtended 16x 17 deg and a luminance of 25 cd/m2. This check size was chosen because preliminary data revealed the VEP to be largest at or near this spatial frequency in our recording situation (Roveri, 1995) . We note that a similar check pattern was used previously by Zemon et al. (1988) , where the checks were modulated as a sinusoidal waveform, and Fourier components of the VEP were analyzed in response to changing both the polarity of the modulation and the spatial frequency of the checks. In the present study, the luminance of the checks was temporally modulated at 2 Hz, either as a rapid-on or a rapid-off sawtooth waveform. We defined the polarity of the sawtooth by the direction of the transient portion of the sawtooth; therefore the rapid-on sawtooth represents a rapid increase in luminance, whereas the rapid-off sawtooth represents a rapid decrease in luminance. To further bias the stimulus towards one pathway or the other, stimuli were modulated either above or below the background luminance. The modulation contrast of the checks was controlled by varying the amplitude of the sawtooth waveform. Since the checks modulated against a fixed background, contrast was defined as Weber contrast, AI/1, where I is the luminance of the The check pattern is modulated either above or below the background luminance as a rapid-on or rapid-off sawtooth waveform. The experimental paradigm consisted of exposing subjects to 8 cycles of a high contrast "adaptation" sawtooth, followed by 4 cycles of a lower contrast "test" sawtooth. The polarity of the test sawtooth changed after every period of adaptation. VEPS were recorded and averaged during the test periods. The VEP was also measured during exposure to test waveform without prior exposure to the high contrast adaptation sawtooth.
No Adaptabon/'l'est on
'4i L------ background, and AI is the ditl'ercnce between stimulus schematic of the appearance of the rapid-on (a) and rapidand background at the peak of a rapid-on sawtooth, or the off (b) sawtooth stimuli at the peak contrast phase of the trough of a rapid-off sawtooth. For the contrast range in sawtooth. which we tested, the Michelson contrast would he Bach trial of' the experiment was divided into an approximately half the Wcbcr contrast. Figure 1 is a adaptation period followed by a test period during which Immediately after the adaptation period, the VEP was recorded for 4 cycles (2 see) of the test stimulus. The test period was kept short to avoid decay of the adaptation effect. The adapting contrasts for the two subjects were chosen to maximize the adaptation effect (2090 for subject GM, and 10% for subject PD). These adaptation contrasts were at about 66% of the VEP saturation contrast for each subject. The test contrast was 5% for both subjects. Pilot data revealed that higher adaptationhest contrast combinations caused a progressive decay in the selective adaptation effect. There were four experimental conditions defined by the factorial combination of the two types of adaptation with the two types of test: (1) adapt to rapid-on sawtooth/ test with rapid-on sawtooth; (2) adapt to rapid-or-dtest with rapid-off; (3) adapt to rapid-off/test with rapid-off; and (4) adapt to rapid-off/test with rapid-on [see Fig.  l(c)] . One of the two adaptation paradigms combined with one of the two test stimuli designated a trial. We also recorded the VEP response to the 59%test contrast in the absence of adaptation in order to verify the selectivity of the adaptation effect. The VEP response was averaged over 16 stimulus presentations per trial. Trials were repeated ten times per session interleaving adaptation to each sawtooth polarity. Data from at least two sessions were collected for each subject. This yielded a minimum of 20 trials (each the average of 16 waveforms) for each condition of adaptation. The peak to trough amplitude of the N1-P1 component was taken as a measure of the VEP response, as this component was present in the VEP from both subjects. The effect of adaptation was determined by comparing the amplitude of the N1-P1 component between three conditions: (1) without adaptation; (2) after adaptation to the same sawtooth polarity; and (3) after adaptation to the opposite sawtooth polarity. The statistical analysis consisted of a repeated measures analysis of variance (ANOVA) of N1-P1 amplitude for each subject, computed using SYSTAT software (SY-STAT Inc., Evanston, IL). The dependent variable was test polarity, and independent variable was adaptation polarity. Significant within-subjects differences were further tested using post-hoc contrasts with appropriately adjusted degrees of freedom. Figure 2 shows typical VEP waveforms for each subject in response to each of the three comparison conditions. The VEP response to both rapid-on and rapidoff stimuli consisted of a negative component, Nl, at a peak latency of approximately 125 msec followed by a positive component, P1. The latency of P1 was approximately 150 msec for subject GM [ Fig. 2(A) ] and 250 msec for subject PD [ Fig. 2(B) ]. This N1-P1 complex occurred in both subjects. In subject GM, the P1 component was always followed by a second negative component, N2. The latency and morphology of the Nl-P1 complex was similar for both rapid-on and rapid-off sawtooth stimuli, for a given subject. There was no significant difference in baseline sensitivity for rapid-on or rapid-off sawtooth stimuli for either subject. Figure 3 illustrates the mean (~1 SEM) N1-P1 amplitude for the three test conditions for the two subjects. The ANOVA revealed a main effect for adaptation, which caused a significant decrease in VEP amplitude for both subjects compared to the "no adaptation" condition (subject GM: F'[2,4C1 = 12.52, P < 0.001; subject PD: F[2,441= 20.56, P < 0.001). This effect was independent of sawtooth polarity. However, when the sign of the test stimulus was the same as the sign of the adapting stimulus, there was a significant decrease in VEP amplitude compared to the condition where the sign of the test was opposite to the sign of the adaptation (subject GM: F[1,401= 7.270, P < 0.01; subject pD:~,1,~~1= 8.124, P < ().()()7). Figure 3(A) shows that for subject GM, the mean VEP amplitude is 4.2 pV in response to the rapid-on test and 4.6 [lV in response to the rapid-off test when the test and adapt sawtooth stimuli have opposite polarity, but only 3.5 and 3.9 pV, respectively, when the test and adapt sawtooth stimuli have the same polarity. Figure 3(B) shows that for subject PD, the mean VEP amplitude is 5.9 I(V in response to the rapid-on test and 6.3 pl' in response to the rapid-off test when the test and adapt sawtooth stimuli have opposite polarity, but decreases to 5.3 {(V and 4.3 wV, respectively, when the test and adapt sawtooth stimuli have the same polarity.
RESULTS

DISCUSSION
We have shown that sawtooth contrast modulation of a patterned stimulus yields a polarity-specific adaptation effect for the VEP. We propose that this selective adaptation effect is due to differential adaptation of the ON-and OFF-pathways of the human visual systcm. Our results are consistent with the psychophysical studies, reviewed in the Introduction, that provide cvidencc for separate processing of increments and decrements of light in the human visual system. Some of'these studies have reported that observers are more sensitive to rapidoff sawtooth stimuli than rapid-on sawtooth stimuli at low temporal frequencies (see Bowen etal., 1989 Bowen etal., , 1992 for data and a review of this asymmetry). We found no consistent significance difference in the VEP amplitude to the rapid-on or rapid-off waveforms. This may be due to the check size wc were using (SCCbelow), or the fact that our stimulus was not optimized to reveal this asymmetry (see DeMarco et al., 1994) .
The adaptation effect observed here was greatest when the polarity of the sawtooth was the same for both test and adaptation stimuli. However, there was a statistical main effect for adaptation that was not polarity-specific. There is electrophysiological evidence that this "cross-adaptation" effect may arise from cortical interactions between the ON-and OFF-pathways (Schiller, 1982; . Psychophysical studies have also provided evidence of potential interactions bctwccn ON-and OFF-pathways. Hanly and McKay (1979) , Krauskopf (1980) and Krauskopf and Zaidi (1986) found that observers' thresholds were elevated both to same, and opposite, sign sawtooth adaptation. But, as in the present study, Hanly and McKay (1979) and Krauskopf ( 1980) found that thresholds were elevated more when the polarity of the test and adaptation sawtooth stimuli were the same. However, Krauskopf and Zaidi ( 1986) found that observers' thresholds were elevated more when the polarity of the test and adaptation Iuminancc s:iwtooth stimuli were different, in disagreement with previous results (Krauskopf, 1980) . Reasons for this discrepancy have not been addressed in the literature.
Cross-masking effects obtained by using positive and negative sixth derivative of gaussian (D6) stilmulus profiles have also been analyzed, in terms of cortical interactions between ON-and OFF-pathways (Bowen, 1995; Bowen & Wilson, 1994) . Finally, Edwards and Badcock ( 1994) have provided evidence that the ON-and OFF-pathways converge at the cortical loci responsible for processing global motion signals.
The VEPS recorded here were elicited in response to a pattern stimulus, where contrast modulates as a sawtooth function. Zemon et al. (1988) also examined increment and dccrcment processing via the VEP using a similar patterned stimulus, but where contrast modulated as a sinusoidal function. They report differences in the amplitude of' the VEP for positive and negative checks that varied as a function of the check size. We found no significant difference in VEP amplitude for the check size we used (30' visual angle), which is consistent with the findings reported by Zemon et al. (1988) for a 38' check size. However, we note that temporal frequency, waveform and luminance levels differed significantly between these studies. As in the present study, Zemon et al. (1988) modulated the increment and decrement stimuli about different mean lurninances. Because our adaptation effects are strongest for opposite sign sawtooth stimuli, the small DC shift in mean luminance does not appear to be the underlying cause of the adaptation effect, and does not preclude preferential adaptation of the ON-and OFFpathways.
As the tcmporal frequency components originating from the ramp and transient portions of the sawtooth waveform are complex, one must consider that multiple temporal channels might be important in the adaptation effect we and others have observed (Cavanagh & Anstis, 198~; Krauskopf, 1980; Krauskopf & Zaidi, 1986) . DoIan and Schiller ( 1994) suggested that a sawtooth would differentially adapt the ON and OFF channels so as to create a non-1inearity in the response. They tested the hypothesis that ramp changes could be selectively processed by a single temporal channel to a greater extent than step changes. Studying the effect of APB on detection of incremental ramps vs steps in macaque monkey, they found that ON channel blockade with APB does riot al'feet the detection of ramps more than the detection of steps. This result seems to support the cxistcncc of a transient (fast) temporal channel for processing [he step phase of the sawtooth and a sustained (slow) temporal channel for processing the ramp phase; each with a different saturation in response to adaptation (Cavanagh~indAnstis, 1986) . Thus, it is likely that the modulation of different temporal channels contributes to the iidapt:ition effect. C)LII"electropilysio]ogic:ll findings offer an objective measure of activity derived from the differential stimulation of the ON-and OFF-pathways in the human visu:il system. The present technique provides an objective electrophysiological measure of activity derived predominantly from one pathway or the other. Such a !echniquc should be useful in examining individuals who arc believed to have defects within these visual pathways (see Fitzgerald et al., 1994 and Sieving, 1993) .
